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Surface plasmon resonance of metallic nanostructures has attracted steady 
attention for their distinct electromagnetic properties. In particular, localized surface 
plasmon resonance (LSPR) occurs when light enters conductive nanostructures or 
nanoparticles smaller than the incident wavelength has been applied to wave 
absorbers, color filters, and sensors. This is because the resonant frequency can be 
determined depending on the size, geometry, and dielectric environment of the 
structures. However, the plasmonic materials developed in the previous researches 
have a limitation that the resonant frequency could not be changed continuously due 
to their stationary structure. This problem makes it difficult for practical applications. 
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In this research, we develop plasmonic metamaterials with auxetic nano 
patterns that can shift the resonant frequency in the visible region. Shape memory 
alloy (SMA) wire with 25 µm diameter is used to stretch the patterns and bring them 
back. Using focused ion beam (FIB), 1 µm thick SMA thin film is fabricated from 
wire, and the auxetic nano patterns showing remarkable mechanical property are 
engraved on the film. Gold and silver nanoparticles are sputtered onto the patterned 
thin film using an ion coater sputtering and e-beam evaporation. We use a micro-
gripper to stretch the patterns, and patterns are returned to its original shape by 355 
nm laser. To confirm the effect of changing the size of patterns, we not only measure 
the absorption peak through the spectrometer but also observe the color directly 
through the microscope. Besides, the finite difference time domain (FDTD) method 
is used to calculate the reflectance and compare with the experimental results. 
Through the above experiment, it is confirmed that various colors appeared 
depending on the size of auxetic patterns. Also, when the pattern is pulled to increase 
the size to about 10%, it is measured that the absorption peak moved and the 
reflection color changed. By returning to the original pattern size using the shape 
memory effect, deformable auxetic plasmonic metamaterials are demonstrated. 
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Chapter 1. Introduction 
 
 In general, most materials are known to have unalterable intrinsic properties 
such as chemical, mechanical and optical characteristics. However, when the bulky 
materials are divided into several nanometers to hundreds of nanometers in size, it 
exhibits different characteristics from the mass material. This is related to the 
intermolecular orbit, because the smaller the particle, the more irregular the electron 
orbit, resulting in a discontinuous energy level - a bandgap. Optically, this bandgap 
absorbs, scatters, and diffracts light through interaction, allowing control the 
wavelength of reflection and transmission. As this unique property of nanostructures 
has been discovered, and as micro-processes have been developed, research on the 
nanostructures have been conducted in various fields for use as structural color, 
wavelength absorber, optical sensor, metamaterials, etc.  
There are many principles in which nanostructures generate their unique 
optical properties. Quantum dots, which have been actively researched recently, use 
photo-luminescence and electro-luminescence. The wavelength range of emission 
varies depending on the size of the quantum dot. [1] Another major factor is surface 
plasmon resonance. The plasmons on the metal surface strongly increase absorption 
and scattering by interacting with the specific energy of the incident light. This effect 
causes a subtractive color. [2] Diffraction grating has a periodic structure, which 
splits incident light spatially and diffracts in different directions to generate a color. 
[3] The thin film multi-layer method selectively absorbs light from a specific 
wavelength region by using interference. [4] As such, various methods of altering 
the spectrum of light have been studied. 
Among them, metamaterials based on localized surface plasmon resonance 
(LSPR) which occurs when light enters conductive nanostructures or nanoparticles 
smaller than the incident wavelength have a great advantage. This is because the 
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profile of reflected light can be adjusted simply by altering the size, shape, and 
material of the nanostructure. Besides, resonance occurs at the same wavelength 
regardless of the angle of the incident light. For these reasons, researches on the 
optical properties of LSPR has been steadily conducted. [5-7] 
However, the LSPR-based metamaterials developed so far have been not 
tunable in that they use a fixed nanostructure. So, the spectrum could not be 
continuously adjusted. These lead to the difficulty of producing structures of various 
shapes and sizes to obtain diverse spectrums. 
 Here, we develop plasmonic metamaterials that can continuously control 
the resonance frequency in the visible light region through mechanical actuation. 
Shape memory alloy (SMA) is used to deform the pattern and restore the original 
shape by the shape memory effect (SME). The auxetic structure used for patterning 
has excellent mechanical properties and unique electromagnetic properties. [8] This 
auxetic structure is based on the re-entrant honeycomb design and has a negative 
Poisson's ratio, which simultaneously increases the length in the vertical direction 
during horizontal tension. This increases the size of the overall pattern and makes 
the absorption peak move clearly. Patterning is performed by using focused ion beam 
(FIB), and the LSPR effect was enhanced as much as possible by sputtering gold and 
silver particles. The reflectance before and after the tension is measured using a 
spectrometer, and also analyzed and compared using a finite-difference time-domain 
(FDTD) method. Finally, materials that actively shift the absorption peak based on 
SMA is explored. 
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Chapter 2. Background 
 
Nanostructures have unique optical properties that do not occur in bulk 
materials, such as scattering, propagating, absorbing, diffracting or mix of them 
through interactions with light. LSPR uses scattering and absorbing among them. 
This chapter provides the principle of LSPR that control the spectrum of light from 
visible light to infrared. We also examine the pros and cons of this principle and 
briefly look at the progress of the studies so far. Finally, we find out how these 





2.1. Localized surface plasmon resonance 
 Surface plasmon resonance (SPR) is a phenomenon in which conductive 
electrons on a metal surface and external light resonate under certain conditions. 
Usually, SPR occurs at a specific angle of incident light and greatly increases the 
absorptance of the metal surface. It is often used as a biosensor to identify the 
composition of the materials adsorbed on the substrates. [9] 
 By the way, when the metal nanoparticles or nanostructures smaller than 
the wavelength of the incident light collide with the phonon, electromagnetic 
properties are enhanced locally. At this time, the absorption peak shifts according to 
the size and shape of nanoparticles, nanostructures, not angles, which is called 
localized surface plasmon resonance. In particular, silver and gold nanoparticles 
greatly increase this effect. [10,11]. 
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2.2. Applications of localized surface plasmon resonance 
LSPR-based nanostructures do not change the resonance energy by the 
angle of the incident light, which is a representative advantage of LSPR. The area 
that can maximize this property is coloration. The use of LSPR in the visible light 
region can produce subtractive colors by absorption of light, which is notable in the 
field of coloration because it can minimize the color change according to the viewing 
angle. In fact, this method has been used since ancient Roman times. The evidence 
is the Lycurgus Cup, a Roman work of art exhibited at the British Museum. (Figure 
1) Another example is a stained-glass window representing the Gothic cathedral in 
the Middle Ages. (Figure 2) The stained glass uses different resonant energy 
depending on the size of the gold and silver nanoparticles. Figure 2 shows where the 
colors for gold and silver particles of less than 100 nm are used respectively.  
A wave absorber is a practical application in which the most basic 
characteristics of controlling the electromagnetic wave of LSPR are used. Landy et 
al. developed a perfect wave absorber with an absorptivity of up to 99% using the 
three-layer called metal-insulator-metal (MIM) structure. (Figure 3)  
Application to selective thermal emitters has also been attempted, based on 
Kirchhoff's thermal radiation law that emissivity and absorptivity of materials are 
the same. (Figure 4) In this paper, through the microstrip patch array, it was possible 
to observe the strong heat emission of the same type as the light absorption by SPR 
at a specific wavelength. In addition, researches have been conducted for use as a 
detector or sensor using the feature that the operating wavelength can be controlled 
using the size or shape of the nanostructure. [12, 13]  
However, the color using LSPR has low vibrancy. Also, there is a limitation 
that only metal must be used for the plasmon resonance characteristics, so it is 
onerousness to produce another structure to control the absorption wavelength band. 
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Figure 1. The Lycurgus Cup [14] 
 
 





Figure 3. The first developed metamaterial perfect absorber. (a) top layer 
view, cut wire view, and a perspective view. (b) simulated R(𝛚) (green), A(𝛚) 
(red), T(𝛚) (blue) [16] 
 
 
Figure 4. The first developed metamaterial thermal emitter. (a) hexagonal 
array of circular patches (b) emission (c) reflectivity [17] 
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2.3. Comparison with other principles 
In nano optics, there are various principles that generate unique optical 
properties. It is necessary to identify each feature to fit the ability required in various 
fields, and it is shown in Figure 5. The absorber based on the localized surface 
plasmon resonance uses metal nanoparticles or nanostructures of several nanometers 
to hundreds of nanometers, so it has good spatial resolution and angle independency 
but has a poor full width at half maximum (FWHM) characteristics of the absorption 
spectrum, so the clarity of absorption peak is relatively inferior. Thin film 
interference-based materials use absorption characteristics in the spectral band as 
well, but the peak intensity is clear, so the vibrancy of the color is good. However, 
the reflection spectrum is not constant according to the viewing angle. Diffraction 
pattern, nanohole array, and other photonic structure reflect only a specific 
wavelength region, and as with thin film interference, clarity of color is good but it 
depends on angle. 
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In fact, these working principles are mostly not used alone. Researchers use 
a mixture of properties to compensate for the shortcomings of each property, the 
most important of which is the plasmon on the metal surface. A plasmon is the 
collective oscillations of free conduction electrons in metals that interact with the 
specific energy of the incident light according to the surface structure in the dielectric 
environment. Through interaction, the surface of the metal is electrically polarized 
to induce a strongly amplified electromagnetic field, and it greatly increases 
absorption and scattering. One of the most active areas of surface plasmon research 
is coloration. Various research has been carried out on plasmonic structural color 
which uses the subwavelength scale effect using EBL and FIB to engrave periodic 
patterns on the metal film. [18-21] The plasmonic effect is also used in a multi-layer 
structure by making patterns on the top layer. As such, the surface plasmon has been 
studied by overlapping with other principles besides itself due to the effect of 




Figure 5. Performance indicators of various nanostructures [22] 
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Chapter 3. Design, fabrication process, 
experimental setup  
 
 This chapter introduces the design, fabrication process, and experimental 
setup. Shape memory alloy was used for the deformability of the patterns and its type 
is Nickel-Titanium alloy (nitinol) wire. A nitinol thin film was fabricated using FIB 
and an auxetic structure called Re-entrant honeycomb was engraved on the thin film. 
This auxetic structure has a negative Poisson's ratio, and we aimed at a value of -1 
to maximize the perpendicular direction of the tensile, leading to a dramatic change 
in the size of the structure. The thickness of the pattern was determined by 
considering nitinol’s machinability and stability of deformation. After pattern 
processing, gold and silver thin films were deposited via ion sputtering coater and e-
beam evaporation equipment to enhance the LSPR-based absorption effect in the 
visible region. Through a system comprised of the LED light source, VIS 
spectrometer, and the optical microscope, the reflectance of the fabricated material 
was measured in the range of 420 nm to 680 nm and subtractive colors were 
confirmed. Micro tweezer was used to tension the patterns and a laser with UV 
wavelength was used for shape memory effect. Section 3.1 introduces the design of 
the patterns, then the fabrication process and experimental setup are described in 
sections 3.2 and 3.3, respectively. 
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3.1. Design of auxetic pattern 
 The design of the patterns was inspired by the shape of the re-entrant 
honeycomb. (Figure 6) This form, commonly called the auxetic structure, has been 
studied in many ways because it has a negative Poisson ratio that is not visible 
naturally. Geometrically, researches on axial stiffness and bending behavior of 
auxetic structure demonstrated excellent indentation and buckling resistance of 
auxetic structure that enables stable tension. [25,26] In addition, this structure is 
shown to have unique characteristics electronically that have an effective permittivity, 
which is biaxially anisotropic. [8] 
 Although the excellent mechanical properties of the auxetic structure had 
been revealed as described above, we wanted to identify the actual tensile properties 
of nitinol, not mathematical calculations. A microscale auxetic actuator was 
manufactured using nitinol wire as shown in Figure 7 (a), and its performance was 
evaluated in comparison with the previous studies. [27] The tensile force according 
to the strain was measured via a micro force sensor, and the tensile length was 
sequentially increased. As a result, it was confirmed that stable tension is possible at 









Figure 7. (a) SMA-based micro scale auxetic actuator (b) stress -strain curve 




Another feature of the auxetic structure is that it has a negative Poisson's 
ratio. That is, the pattern deformation can be maximized by increasing not only the 
direction in which the patterns are pulled but also the vertical direction. This property 
is suitable for this experiment because the absorption peak shifts depending on the 
size of the deformed pattern. According to previous research, the Poisson's ratio of 
the auxetic structure depends on the height (H), length (L), and internal angle (θ) 
shown in Figure 6. [28] The results of the research are shown in Figure 8. Based on 
this table, the size of the H/L and the internal angle were determined so that the 
Poisson's ratio would be -1. Figure 9 is nano patterns actually fabricated, and surface 















3.2. Fabrication process 
 The process of cutting and patting nitinol via FIB was developed. The 
nitinol used in this experiment is a shape memory alloy composed of 50% nickel and 
titanium, and phase transformation occurs at 70 °C, making it relatively resistant to 
heat. (Dynalloy, Inc., Costa Mesa, CA, USA) The detailed characteristics are in Table 
2, and the SMA phase transition process is illustrated in Figure 10. This nitinol is a 
smart material that reacts to heat reversibly and has high biocompatibility, thus 
giving the possibility of being used in a diversity of fields. [29] 
 
Table 2. Nitinol physical properties 
Density 6.45 g/𝐜𝐦𝟑 
Specific Heat 0.2 cal/g × °C 
Melting Point 1300 °C 
Latent Heat of Transformation 5.78 cal/g 
Thermal Conductivity 0.18 W/cm × °C 
Transition Temperature 70 °C 
Poisson Ratio 0.33 
Thermal Expansion 
Coefficient 
Martensite 6.6× 𝟏𝟎−𝟔 /°C 
Austenite 11.𝟎 × 𝟏𝟎−𝟔/°C 
Electrical Resistivity 
Martensite 80 micro-ohms × cm 




Figure 10. Phase transition of shape memory alloy [30] 
 
 
 Figure 11 shows the overall process for fabricating SMA-based plasmonic 
metamaterials. The first step is to cut SMA thinly via FIB to produce about 1 µm 
thickness of the film. Subsequently, the patterning was also performed with FIB after 
rotating the specimen by 90 degrees. At this time, the patterns were carved with an 
interval of about 15 nm to identify the change of absorption peak according to the 
size of the auxetic structure and to see the subtractive color. Later, gold and silver 
nano film were deposited via ion sputtering coater and e-beam evaporation 
equipment. This is because the FDTD analysis demonstrated that thickness of more 











Figure 12. Reflectance of auxetic plasmonic materials with gold film thickness 




3.3. Experimental setup 
This section introduces an experimental setup dealing with plasmonic 
metamaterials. The overall form is shown in Figure 13. An upright microscope 
(BX53MTRF-S, Olympus, Tokyo, Japan) was used to observe the reflected image. 
A spectrometer (FLAME-S-UV-VIS, Ocean Optics, Largo, USA) was coupled to a 
microscope to measure the spectrum reflected when LED light was incident. The 
manual controller and Automatic controller were used for the operation of the 3-
axis nano stage. In order to confirm the change in the absorptance during tension, 
the metamaterial sample for measurement and a microgripper were respectively 
coupled to two 3-axis nano stages, and detailed form is shown in Figure 14. Finally, 
a control platform was constructed that can simultaneously measure spectral data 
while observing the images through a microscope. 
 
 
Figure 13. Experimental setup for spectrum measurement 
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Chapter 4. Localized surface plasmon resonance 
depending on the auxetic pattern size 
 
In this chapter, we introduce the change in absorption wavelength according 
to the auxetic pattern size of developed metamaterials. The size of the auxetic 
patterns was determined to cause localized surface plasmon resonance in the visible 
wavelength region. Also, the overall shape of auxetic patterns was maintained 
although the size was changed. 
First, in order to confirm the position of the absorption peak according to 
the size of the patterns, several patterns with specific intervals were produced. Then, 
we sputtered silver and gold film on the fabricated patterns. In this process, we also 
confirmed the excellent LSPR effect of silver and gold film by comparing before 
and after the deposition of these metal films. Lastly, in each case, the reflective 
color was observed through an optical microscope, and the experimental results 





4.1. The influence of Ag film in LSPR 
 The shape memory effect of nitinol is differentiated from other metals, 
enabling tension and recovery of patterns. However, as explained in the previous 
chapter, nitinol is known to have a relatively weak LSPR effect in the visible region 
compared to silver and gold. This section demonstrated that difference by comparing 
the reflection spectrum of patterns made only with nitinol and patterns deposited 
with silver. 
 The picture to the right of Figure 15 shows the metamaterials that were 
fabricated. For the tension of the pattern, the shape of the entire sample was made to 
match the shape of a micro tweezer. A spectrum of vertical reflectance with LED 
light was measured before and after the deposition of Ag film and observed through 
an optical microscope. The results are shown in the graph on the left. The graph 
shows the reflection spectrum for before and after Ag deposition for the top pattern 
in the photo on the right. In both cases, the positions of the absorption peaks were 
the same, but as a whole, they were more pronounced after deposition. In addition, 
this result could be confirmed by the reflection color in the picture on the right. This 
was the same for Au, and thus, the production of metamaterials was completed by 
laminating about 50 nm silver and gold thin film through e-beam evaporation and 
ion coater sputtering respectively. 
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Figure 15. Before and after Ag thin film deposition (a) reflection spectrum  
(b) image from optical microscope 
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4.2. Reflectance depending on the pattern size with Ag film 
The metamaterials developed in this research are based on LSPR, so the 
wavelength range in which light absorption occurs varies depending on the size or 
shape of the patterns. As shown in Figure 16, SMA-based auxetic patterns of 
different sizes were produced via FIB. After FIB processing, Au and Ag thin films 
were deposited on the patterns to amplify the absorption effect, as demonstrated in 
the previous section. First, this section shows the experimental results when Ag thin 
films were laminated. 
 The spectrometer measurement results and optical microscopy images of 
metamaterials with about 50 nm Ag film are shown in Figure 17. Each pattern on the 
right side of Figure 17 forms a size ranging from 500 nm × 810 nm to 650 nm × 
1080 nm based on the height × width of the auxetic pattern shape in Figure 6. The 
measurement wavelength area is from 430 nm to 680 nm, which is close to the 
general visible light range, and the plasmon resonance of the patterns that occurred 
in this area. As a result, maximum light absorption of each pattern occurs at (a) 450 
nm, (b) 500 nm, (c) 545 nm, (d) 575 nm, and (e) 610 nm. The overall tendency is 
that as the size of the pattern increases, the absorption wavelength region also 






Figure 16. SED image of different sized auxetic patterns 
(a) 500 nm × 810 nm, (b) 550 nm × 900 nm, (c) 585 nm × 965 nm 
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Figure 17. Reflectance and microscopy image under varying the patterning 
size. The maximum absorption occurs at (a) 450 nm, (b) 500nm, (c) 545 nm, 
(d) 575 nm (e) 610 nm 
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 To prove the actual experimental results, 3D models of the same shape were 
depicted to obtain reflectance data for vertical reflection of light through the FDTD 
method. The modeling is shown in Figure 18. For the silver film, the refractive index 
of CRC was used, and in the case of nitinol, the refractive index (?̃? = 𝑛 − 𝑗𝑘 ) 
actually measured using ellipsometry was used. In the analysis area of the FDTD, 
the boundary condition of the sides was selected as symmetry and anti-symmetry 
condition so that the same auxetic pattern is periodically replicated infinitely. In 
addition, perfectly matched layer (PML) boundary was adopted for the top and 
bottom surfaces so that 100% of the light is absorbed when it touched, so as not to 
affect within the analysis area. The results are shown in Figure 19. The absorptions 
were maximum at (a) 455 nm, (b) 510 nm, (c) 545 nm, (d) 565 nm, and (e) 600 nm, 
respectively. There was only an error up to 10 nm wavelength compared with 
experimental results. Also, the absorption peak can be clearly observed in the 
simulation results than the actual experiments. 
 
 
Figure 18. Finite difference time domain image of auxetic metamaterials 
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Figure 19. Reflectance via FDTD under varying the patterning size. The 
maximum absorption occurs at (a) 455 nm, (b) 510nm, (c) 545 nm, (d) 565 nm 
(e) 600 nm 
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4.3. Reflectance depending on the pattern size with Au film 
Like the silver film, the gold film is also a metal that maximizes the LSPR 
phenomenon in the visible area. In order to confirm the LSPR effect of gold film, we 
introduce the change of reflectance according to the size of the pattern when the gold 
thin film is deposited on metamaterials engraved with auxetic pattern fabricated by 
using FIB. At this time, the gold film was deposited about 50 nm through an ion 
sputtering coater. 
The actual measured reflection spectrum and color according to the pattern 
size are shown in Figure 20. For pattern sizes from 500 nm × 810 nm to 650 nm × 
1080 nm, as the overall pattern size of the reflectance increases, the position of the 
absorption peak tends to increase. The positions of the absorption peaks are (a) 445 
nm, (b) 530 nm, (c) 570 nm, and (d) 620 nm. However, the gold film, unlike silver, 
has a very low reflectance in the blue region (~ 485 nm). Therefore, it was difficult 
to observe the CMY colors, and the colors related to blue were not found. Therefore, 
in the next chapter's tensile test, a silver film was deposited to confirm the color 
change using all colors. 
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Figure 20. Reflectance and microscopy image under varying the patterning 
size. The maximum absorption occurs at (a) 445 nm, (b) 530nm, (c) 570 nm, 
(d) 620 nm 
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Chapter 5. Localized surface plasmon resonance of 
pattern under tension loading 
 
 This chapter introduces an experiment that stretches the patterns and shifts 
the wavelength where the LSPR phenomenon occurs as its size increases. As 
confirmed in the previous section, in the case of gold film, the reflectance is not 
sufficiently high below the blue wavelength (~ 485 nm), so that the corresponding 
color and absorption spectrum results cannot be obtained. Therefore, on the pattern 
tension specimen, about 50 nm silver film was deposited through an e-beam 
evaporation process. 
To stretch the pattern, two 3-axis nano stages were combined with an optical 
microscope. (Figure 13, Figure 14) Several samples for tension were produced in a 
T-shape so that it could be pulled with a gripper. (Figure 21) 
In general, if the patterns are stretched in one direction, it contracts in a 
perpendicular direction to it. However, the negative Poisson's ratio of the auxetic 
patterns used in this experiment complements this so that the patterns can be enlarged 
in all directions so that the pattern size can be maximized with a small tensile 
distance. In addition, it has excellent stability in tension. Therefore, it is very suitable 
for tension.  
32 
 
Figure 21. T-shape pattern samples for tension 
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5.1. Reflectance change of pattern under tension loading 
This section shows the spectrum and color change when different size 
patterns are stretched. Figure 22 shows the results when the metamaterials in Figure 
21 were tensioned. Based on the yellow pattern of the sample (pattern size : 500 nm 
×  810 nm), the maximum absorption occurred at 439 nm wavelength before 
stretching, but the absorption peak appeared at 500 nm after stretching. This could 
also be confirmed by optical microscope measurements. The yellowish color 
gradually changed to orange. In order to prove that the absorption peak is shifted 
according to the size change, the size change of the auxetic patterns was confirmed 
through microscopic image analysis. As a result, it was verified that one auxetic 






Figure 22. Color and spectrum change of 500 nm × 810 nm pattern 
under tension loading 
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Second, the same experiment was conducted for a pattern having a size of 
605 nm × 990 nm. The results are shown in Figure 23. The color that showed a slight 
magenta tendency before tension had a more blue color after the tension. Spectrum 
measurements confirm this observation. The maximum absorption occurred before 










Figure 23. Color and spectrum change of 605 nm × 990 nm pattern 
under tension loading 
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The final tensile experiment was conducted in the same method for a pattern 
having a size of 560 nm × 915 nm. The results are shown in Figure 24. Initially, 
absorption was highest at 524 nm, but it shifted to 547 nm after stretching. As the 
overall tensile length was not large, the shift of the spectrum was small, so it was 
confirmed that the change in the reflected color was not obvious, but the color that 
was close to red was slightly pale. 
Lastly, the pattern was restored to its original size by the shape memory 
effect, a characteristic of the SMA. As a result, it can be confirmed that the reflection 
spectrum almost completely returned to the spectrum before the deformation. Since 
the patterning area is small and the number of patterns is insufficient, the results of 
color change and spectral measurement are not very clear, but this tensile experiment 




Figure 24. Color and spectrum change of 560 nm × 915 nm pattern 
under tension loading 
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5.2. Applications of deformable metamaterials  
The plasmonic metamaterials that control the electromagnetic wave have 
been applied in various fields as explained in section 2.2, and have a huge potential 
that can be developed in the future. In particular, in this paper, deformable 
metamaterials using properties of SMA were developed, which not only are 
applicable to proposed applications but also make tunability. First, this tunability 
opens up the applicability to light modulators. The existing plasmonic metamaterial-
based light modulator controlled light through a complicated pixel configuration and 
diode biasing method. [31] However, the metamaterials developed here can omit the 
complicated production process, which is time-consuming and costly, while enabling 
light control through simple a operation. Another accessible tunable metamaterial 
application is the color filter. Since our experiments showed that it can operate in the 










Chapter 6. Conclusions  
 
Metamaterials are arrays composed of subwavelength nano elements and 
control electromagnetic waves based on their unique electric permittivity and 
magnetic permeability. Since they have special abilities that cannot be commonly 
found in nature, they have been steadily researched for use in a variety of 
applications since their inception. Nevertheless, currently developed plasmonic 
metamaterials have some problems to overcome. First, the manufacturing process is 
complicated, and the 3D structure cannot be manufactured due to process limitations. 
Second, most materials cannot be operated at a faster range than the infrared 
frequency. In addition, the plasmonic metamaterials developed to date have not 
escaped the stationary shape in that it uses metal. This is a very time-consuming and 
costly operation because it requires the structures of different sizes and shapes to 
operate at different wavelengths. 
In this research, deformable plasmonic metamaterials were developed to 
overcome the hurdles encountered by these metamaterials. The LSPR effect was 
enhanced by coating gold and silver films through physical vapor deposition on 
auxetic nano patterns based on a shape memory alloy fabricated by using a focused 
ion beam. First, the reflectance was measured depending on the pattern size. When 
the gold film was deposited, the colors except for the blue area were confirmed, and 
when the silver film was deposited, all CMY colors were observed. And the change 
in reflectance was also confirmed when patterns were pulled. When the size of the 
pattern changed by up to 10%, the absorption peak shifted as much as it altered, and 
the reflection color changed from yellow to orange or from magenta to blue. Finally, 
the patterns were returned to its original size by the shape memory effect. This is the 
biggest difference from the previous research, so it is possible to control the light 
actively. Besides, it uses the localized surface plasmon resonance, so it has a 
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superiority that it is not angle sensitive. 
 The metamaterials developed in this research can be further improved. 
Despite the clear color observed by the eye, the actually measured spectrum was not 
as good as the simulated result. This is because the area of the patterning region is 
relatively small (7 μm × 7 μm or less) and reflectance is greatly influenced by 
external light. Also, the pattern thickness was not sufficiently thick, so that the tensile 
displacement could not be enough long. Nevertheless, since it proved the active 
movement of the absorption peak, it has great implications for the future aspects of 
the development of tunable metamaterials. 
 As discussed in the previous chapters, plasmonic metamaterials are being 
applied in most fields such as wave absorbers, light modulators, thermal emitters, 
color filters, biosensors where electromagnetic waves are being used. New relevant 
theories continue to be uncovered, and the scope of their application is gradually 
expanding. Although it is still insufficient in terms of cost, time, and stability to be 
applied as a practical device, metamaterials will overcome difficulties based on its 
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형상기억합금 기반의 변형가능한 
어그제틱 플라즈모닉 메타물질 
 
임종혁 
서울대학교 기계공학부 대학원 
 
금속 나노구조체의 표면 플라즈몬 공명은 독특한 전자기 
특성으로인해 지금까지 꾸준한 관심을 끌고있다. 특히, 입사광의 
파장보다 작은 크기의 전도성 나노 입자, 나노 구조체로 빛이 입사할 때 
발생하는 국소 표면 플라즈몬 공명은 파장 흡수기, 색 필터 및 센서 
등에 적용돼 왔다. 이는 공진 주파수가 나노 구조체의 크기, 형상 또는 
주위의 유전체 특성에 따라 달리 결정되기 때문이다. 그러나, 
이전까지의 연구에서 개발된 플라즈모닉 물질들은 고정된 구조에서 
벗어나지 못해 공진 주파수를 연속적으로 변경시킬 수 없다는 한계를 
가지고 있다. 이 문제는 플라즈모닉 메타물질의 실제적 적용에 어려움을 
주었다. 
이번 연구에서는, 가시광 영역에서 공명 주파수를 이동시킬 수 
있는 어그제틱 나노 패턴이 새겨진 플라즈모닉 메타물질이 개발되었다. 
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이 메타물질은 직경이 25 µm인 형상기억합금 와이어로 제작되어 패턴이 
인장되고 열에 의해 복원될 수 있다. 이러한 메타물질을 제작을 위해서 
집속이온 빔을 이용하여 1 µm 두께의 형상기억합금 필름을 제작했고, 
뛰어난 기계적 물성을 가진 어그제틱 패턴을 그 위에 새겼다. 이후, 
이온 코터 스퍼터링과 전자빔 증착방식을 사용하여 패턴위에 금과 은 
나노입자를 증착하였다. 패턴의 인장을 위해서는 마이크로 그리퍼를 
사용하였으며, 인장 후 355 nm 레이저를 이용하여 패턴을 원래의 
형상으로 되돌릴 수 있었다. 패턴 크기의 변화에 따른 반사 효과를 
확인하기 위해, 우리는 스펙트로미터를 이용한 흡수픽을 측정했을 뿐만 
아니라, 광학현미경을 통해 직접 색을 확인했다. 또한, finite difference 
time domain (FDTD) 방식을 이용하여 동일한 모델에 대해 반사율을 
계산했고 그 결과를 실험결과와 비교했다.  
위와 같은 실험을 통해, 먼저 여러가지 패턴의 크기에 따라 
다양한 색이 나타나는 것을 확인했다. 또한 패턴을 잡아당겨 그 크기를 
약 10% 까지 늘렸을 때, 흡수픽이 이동하고 반사색이 변화하는 것을 
확인했다. 최종적으로, 형상기억효과를 이용하여 원래의 패턴크기로 
되돌림으로서 변형가능한 어그제틱 플라즈모닉 메타물질을 증명했다. 
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Shape memory alloy-based deformable 
auxetic plasmonic metamaterials 
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Surface plasmon resonance of metallic nanostructures has attracted steady 
attention for their distinct electromagnetic properties. In particular, localized surface 
plasmon resonance (LSPR) occurs when light enters conductive nanostructures or 
nanoparticles smaller than the incident wavelength has been applied to wave 
absorbers, color filters, and sensors. This is because the resonant frequency can be 
determined depending on the size, geometry, and dielectric environment of the 
structures. However, the plasmonic materials developed in the previous researches 
have a limitation that the resonant frequency could not be changed continuously due 
to their stationary structure. This problem makes it difficult for practical applications. 
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In this research, we develop plasmonic metamaterials with auxetic nano 
patterns that can shift the resonant frequency in the visible region. Shape memory 
alloy (SMA) wire with 25 µm diameter is used to stretch the patterns and bring them 
back. Using focused ion beam (FIB), 1 µm thick SMA thin film is fabricated from 
wire, and the auxetic nano patterns showing remarkable mechanical property are 
engraved on the film. Gold and silver nanoparticles are sputtered onto the patterned 
thin film using an ion coater sputtering and e-beam evaporation. We use a micro-
gripper to stretch the patterns, and patterns are returned to its original shape by 355 
nm laser. To confirm the effect of changing the size of patterns, we not only measure 
the absorption peak through the spectrometer but also observe the color directly 
through the microscope. Besides, the finite difference time domain (FDTD) method 
is used to calculate the reflectance and compare with the experimental results. 
Through the above experiment, it is confirmed that various colors appeared 
depending on the size of auxetic patterns. Also, when the pattern is pulled to increase 
the size to about 10%, it is measured that the absorption peak moved and the 
reflection color changed. By returning to the original pattern size using the shape 
memory effect, deformable auxetic plasmonic metamaterials are demonstrated. 
 
Keywords: Localized surface plasmon resonance, Shape memory alloy, Auxetic, 
Metamaterials, Plasmonic 
Student Number: 2018-26302 
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Chapter 1. Introduction 
 
 In general, most materials are known to have unalterable intrinsic properties 
such as chemical, mechanical and optical characteristics. However, when the bulky 
materials are divided into several nanometers to hundreds of nanometers in size, it 
exhibits different characteristics from the mass material. This is related to the 
intermolecular orbit, because the smaller the particle, the more irregular the electron 
orbit, resulting in a discontinuous energy level - a bandgap. Optically, this bandgap 
absorbs, scatters, and diffracts light through interaction, allowing control the 
wavelength of reflection and transmission. As this unique property of nanostructures 
has been discovered, and as micro-processes have been developed, research on the 
nanostructures have been conducted in various fields for use as structural color, 
wavelength absorber, optical sensor, metamaterials, etc.  
There are many principles in which nanostructures generate their unique 
optical properties. Quantum dots, which have been actively researched recently, use 
photo-luminescence and electro-luminescence. The wavelength range of emission 
varies depending on the size of the quantum dot. [1] Another major factor is surface 
plasmon resonance. The plasmons on the metal surface strongly increase absorption 
and scattering by interacting with the specific energy of the incident light. This effect 
causes a subtractive color. [2] Diffraction grating has a periodic structure, which 
splits incident light spatially and diffracts in different directions to generate a color. 
[3] The thin film multi-layer method selectively absorbs light from a specific 
wavelength region by using interference. [4] As such, various methods of altering 
the spectrum of light have been studied. 
Among them, metamaterials based on localized surface plasmon resonance 
(LSPR) which occurs when light enters conductive nanostructures or nanoparticles 
smaller than the incident wavelength have a great advantage. This is because the 
2 
profile of reflected light can be adjusted simply by altering the size, shape, and 
material of the nanostructure. Besides, resonance occurs at the same wavelength 
regardless of the angle of the incident light. For these reasons, researches on the 
optical properties of LSPR has been steadily conducted. [5-7] 
However, the LSPR-based metamaterials developed so far have been not 
tunable in that they use a fixed nanostructure. So, the spectrum could not be 
continuously adjusted. These lead to the difficulty of producing structures of various 
shapes and sizes to obtain diverse spectrums. 
 Here, we develop plasmonic metamaterials that can continuously control 
the resonance frequency in the visible light region through mechanical actuation. 
Shape memory alloy (SMA) is used to deform the pattern and restore the original 
shape by the shape memory effect (SME). The auxetic structure used for patterning 
has excellent mechanical properties and unique electromagnetic properties. [8] This 
auxetic structure is based on the re-entrant honeycomb design and has a negative 
Poisson's ratio, which simultaneously increases the length in the vertical direction 
during horizontal tension. This increases the size of the overall pattern and makes 
the absorption peak move clearly. Patterning is performed by using focused ion beam 
(FIB), and the LSPR effect was enhanced as much as possible by sputtering gold and 
silver particles. The reflectance before and after the tension is measured using a 
spectrometer, and also analyzed and compared using a finite-difference time-domain 
(FDTD) method. Finally, materials that actively shift the absorption peak based on 
SMA is explored. 
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Chapter 2. Background 
 
Nanostructures have unique optical properties that do not occur in bulk 
materials, such as scattering, propagating, absorbing, diffracting or mix of them 
through interactions with light. LSPR uses scattering and absorbing among them. 
This chapter provides the principle of LSPR that control the spectrum of light from 
visible light to infrared. We also examine the pros and cons of this principle and 
briefly look at the progress of the studies so far. Finally, we find out how these 





2.1. Localized surface plasmon resonance 
 Surface plasmon resonance (SPR) is a phenomenon in which conductive 
electrons on a metal surface and external light resonate under certain conditions. 
Usually, SPR occurs at a specific angle of incident light and greatly increases the 
absorptance of the metal surface. It is often used as a biosensor to identify the 
composition of the materials adsorbed on the substrates. [9] 
 By the way, when the metal nanoparticles or nanostructures smaller than 
the wavelength of the incident light collide with the phonon, electromagnetic 
properties are enhanced locally. At this time, the absorption peak shifts according to 
the size and shape of nanoparticles, nanostructures, not angles, which is called 
localized surface plasmon resonance. In particular, silver and gold nanoparticles 
greatly increase this effect. [10,11]. 
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2.2. Applications of localized surface plasmon resonance 
LSPR-based nanostructures do not change the resonance energy by the 
angle of the incident light, which is a representative advantage of LSPR. The area 
that can maximize this property is coloration. The use of LSPR in the visible light 
region can produce subtractive colors by absorption of light, which is notable in the 
field of coloration because it can minimize the color change according to the viewing 
angle. In fact, this method has been used since ancient Roman times. The evidence 
is the Lycurgus Cup, a Roman work of art exhibited at the British Museum. (Figure 
1) Another example is a stained-glass window representing the Gothic cathedral in 
the Middle Ages. (Figure 2) The stained glass uses different resonant energy 
depending on the size of the gold and silver nanoparticles. Figure 2 shows where the 
colors for gold and silver particles of less than 100 nm are used respectively.  
A wave absorber is a practical application in which the most basic 
characteristics of controlling the electromagnetic wave of LSPR are used. Landy et 
al. developed a perfect wave absorber with an absorptivity of up to 99% using the 
three-layer called metal-insulator-metal (MIM) structure. (Figure 3)  
Application to selective thermal emitters has also been attempted, based on 
Kirchhoff's thermal radiation law that emissivity and absorptivity of materials are 
the same. (Figure 4) In this paper, through the microstrip patch array, it was possible 
to observe the strong heat emission of the same type as the light absorption by SPR 
at a specific wavelength. In addition, researches have been conducted for use as a 
detector or sensor using the feature that the operating wavelength can be controlled 
using the size or shape of the nanostructure. [12, 13]  
However, the color using LSPR has low vibrancy. Also, there is a limitation 
that only metal must be used for the plasmon resonance characteristics, so it is 
onerousness to produce another structure to control the absorption wavelength band. 
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Figure 1. The Lycurgus Cup [14] 
 
 





Figure 3. The first developed metamaterial perfect absorber. (a) top layer 
view, cut wire view, and a perspective view. (b) simulated R(𝛚) (green), A(𝛚) 
(red), T(𝛚) (blue) [16] 
 
 
Figure 4. The first developed metamaterial thermal emitter. (a) hexagonal 
array of circular patches (b) emission (c) reflectivity [17] 
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2.3. Comparison with other principles 
In nano optics, there are various principles that generate unique optical 
properties. It is necessary to identify each feature to fit the ability required in various 
fields, and it is shown in Figure 5. The absorber based on the localized surface 
plasmon resonance uses metal nanoparticles or nanostructures of several nanometers 
to hundreds of nanometers, so it has good spatial resolution and angle independency 
but has a poor full width at half maximum (FWHM) characteristics of the absorption 
spectrum, so the clarity of absorption peak is relatively inferior. Thin film 
interference-based materials use absorption characteristics in the spectral band as 
well, but the peak intensity is clear, so the vibrancy of the color is good. However, 
the reflection spectrum is not constant according to the viewing angle. Diffraction 
pattern, nanohole array, and other photonic structure reflect only a specific 
wavelength region, and as with thin film interference, clarity of color is good but it 
depends on angle. 
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In fact, these working principles are mostly not used alone. Researchers use 
a mixture of properties to compensate for the shortcomings of each property, the 
most important of which is the plasmon on the metal surface. A plasmon is the 
collective oscillations of free conduction electrons in metals that interact with the 
specific energy of the incident light according to the surface structure in the dielectric 
environment. Through interaction, the surface of the metal is electrically polarized 
to induce a strongly amplified electromagnetic field, and it greatly increases 
absorption and scattering. One of the most active areas of surface plasmon research 
is coloration. Various research has been carried out on plasmonic structural color 
which uses the subwavelength scale effect using EBL and FIB to engrave periodic 
patterns on the metal film. [18-21] The plasmonic effect is also used in a multi-layer 
structure by making patterns on the top layer. As such, the surface plasmon has been 
studied by overlapping with other principles besides itself due to the effect of 




Figure 5. Performance indicators of various nanostructures [22] 
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Chapter 3. Design, fabrication process, 
experimental setup  
 
 This chapter introduces the design, fabrication process, and experimental 
setup. Shape memory alloy was used for the deformability of the patterns and its type 
is Nickel-Titanium alloy (nitinol) wire. A nitinol thin film was fabricated using FIB 
and an auxetic structure called Re-entrant honeycomb was engraved on the thin film. 
This auxetic structure has a negative Poisson's ratio, and we aimed at a value of -1 
to maximize the perpendicular direction of the tensile, leading to a dramatic change 
in the size of the structure. The thickness of the pattern was determined by 
considering nitinol’s machinability and stability of deformation. After pattern 
processing, gold and silver thin films were deposited via ion sputtering coater and e-
beam evaporation equipment to enhance the LSPR-based absorption effect in the 
visible region. Through a system comprised of the LED light source, VIS 
spectrometer, and the optical microscope, the reflectance of the fabricated material 
was measured in the range of 420 nm to 680 nm and subtractive colors were 
confirmed. Micro tweezer was used to tension the patterns and a laser with UV 
wavelength was used for shape memory effect. Section 3.1 introduces the design of 
the patterns, then the fabrication process and experimental setup are described in 
sections 3.2 and 3.3, respectively. 
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3.1. Design of auxetic pattern 
 The design of the patterns was inspired by the shape of the re-entrant 
honeycomb. (Figure 6) This form, commonly called the auxetic structure, has been 
studied in many ways because it has a negative Poisson ratio that is not visible 
naturally. Geometrically, researches on axial stiffness and bending behavior of 
auxetic structure demonstrated excellent indentation and buckling resistance of 
auxetic structure that enables stable tension. [25,26] In addition, this structure is 
shown to have unique characteristics electronically that have an effective permittivity, 
which is biaxially anisotropic. [8] 
 Although the excellent mechanical properties of the auxetic structure had 
been revealed as described above, we wanted to identify the actual tensile properties 
of nitinol, not mathematical calculations. A microscale auxetic actuator was 
manufactured using nitinol wire as shown in Figure 7 (a), and its performance was 
evaluated in comparison with the previous studies. [27] The tensile force according 
to the strain was measured via a micro force sensor, and the tensile length was 
sequentially increased. As a result, it was confirmed that stable tension is possible at 









Figure 7. (a) SMA-based micro scale auxetic actuator (b) stress -strain curve 




Another feature of the auxetic structure is that it has a negative Poisson's 
ratio. That is, the pattern deformation can be maximized by increasing not only the 
direction in which the patterns are pulled but also the vertical direction. This property 
is suitable for this experiment because the absorption peak shifts depending on the 
size of the deformed pattern. According to previous research, the Poisson's ratio of 
the auxetic structure depends on the height (H), length (L), and internal angle (θ) 
shown in Figure 6. [28] The results of the research are shown in Figure 8. Based on 
this table, the size of the H/L and the internal angle were determined so that the 
Poisson's ratio would be -1. Figure 9 is nano patterns actually fabricated, and surface 















3.2. Fabrication process 
 The process of cutting and patting nitinol via FIB was developed. The 
nitinol used in this experiment is a shape memory alloy composed of 50% nickel and 
titanium, and phase transformation occurs at 70 °C, making it relatively resistant to 
heat. (Dynalloy, Inc., Costa Mesa, CA, USA) The detailed characteristics are in Table 
2, and the SMA phase transition process is illustrated in Figure 10. This nitinol is a 
smart material that reacts to heat reversibly and has high biocompatibility, thus 
giving the possibility of being used in a diversity of fields. [29] 
 
Table 2. Nitinol physical properties 
Density 6.45 g/𝐜𝐦𝟑 
Specific Heat 0.2 cal/g × °C 
Melting Point 1300 °C 
Latent Heat of Transformation 5.78 cal/g 
Thermal Conductivity 0.18 W/cm × °C 
Transition Temperature 70 °C 
Poisson Ratio 0.33 
Thermal Expansion 
Coefficient 
Martensite 6.6× 𝟏𝟎−𝟔 /°C 
Austenite 11.𝟎 × 𝟏𝟎−𝟔/°C 
Electrical Resistivity 
Martensite 80 micro-ohms × cm 




Figure 10. Phase transition of shape memory alloy [30] 
 
 
 Figure 11 shows the overall process for fabricating SMA-based plasmonic 
metamaterials. The first step is to cut SMA thinly via FIB to produce about 1 µm 
thickness of the film. Subsequently, the patterning was also performed with FIB after 
rotating the specimen by 90 degrees. At this time, the patterns were carved with an 
interval of about 15 nm to identify the change of absorption peak according to the 
size of the auxetic structure and to see the subtractive color. Later, gold and silver 
nano film were deposited via ion sputtering coater and e-beam evaporation 
equipment. This is because the FDTD analysis demonstrated that thickness of more 











Figure 12. Reflectance of auxetic plasmonic materials with gold film thickness 




3.3. Experimental setup 
This section introduces an experimental setup dealing with plasmonic 
metamaterials. The overall form is shown in Figure 13. An upright microscope 
(BX53MTRF-S, Olympus, Tokyo, Japan) was used to observe the reflected image. 
A spectrometer (FLAME-S-UV-VIS, Ocean Optics, Largo, USA) was coupled to a 
microscope to measure the spectrum reflected when LED light was incident. The 
manual controller and Automatic controller were used for the operation of the 3-
axis nano stage. In order to confirm the change in the absorptance during tension, 
the metamaterial sample for measurement and a microgripper were respectively 
coupled to two 3-axis nano stages, and detailed form is shown in Figure 14. Finally, 
a control platform was constructed that can simultaneously measure spectral data 
while observing the images through a microscope. 
 
 
Figure 13. Experimental setup for spectrum measurement 
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Chapter 4. Localized surface plasmon resonance 
depending on the auxetic pattern size 
 
In this chapter, we introduce the change in absorption wavelength according 
to the auxetic pattern size of developed metamaterials. The size of the auxetic 
patterns was determined to cause localized surface plasmon resonance in the visible 
wavelength region. Also, the overall shape of auxetic patterns was maintained 
although the size was changed. 
First, in order to confirm the position of the absorption peak according to 
the size of the patterns, several patterns with specific intervals were produced. Then, 
we sputtered silver and gold film on the fabricated patterns. In this process, we also 
confirmed the excellent LSPR effect of silver and gold film by comparing before 
and after the deposition of these metal films. Lastly, in each case, the reflective 
color was observed through an optical microscope, and the experimental results 





4.1. The influence of Ag film in LSPR 
 The shape memory effect of nitinol is differentiated from other metals, 
enabling tension and recovery of patterns. However, as explained in the previous 
chapter, nitinol is known to have a relatively weak LSPR effect in the visible region 
compared to silver and gold. This section demonstrated that difference by comparing 
the reflection spectrum of patterns made only with nitinol and patterns deposited 
with silver. 
 The picture to the right of Figure 15 shows the metamaterials that were 
fabricated. For the tension of the pattern, the shape of the entire sample was made to 
match the shape of a micro tweezer. A spectrum of vertical reflectance with LED 
light was measured before and after the deposition of Ag film and observed through 
an optical microscope. The results are shown in the graph on the left. The graph 
shows the reflection spectrum for before and after Ag deposition for the top pattern 
in the photo on the right. In both cases, the positions of the absorption peaks were 
the same, but as a whole, they were more pronounced after deposition. In addition, 
this result could be confirmed by the reflection color in the picture on the right. This 
was the same for Au, and thus, the production of metamaterials was completed by 
laminating about 50 nm silver and gold thin film through e-beam evaporation and 
ion coater sputtering respectively. 
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Figure 15. Before and after Ag thin film deposition (a) reflection spectrum  
(b) image from optical microscope 
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4.2. Reflectance depending on the pattern size with Ag film 
The metamaterials developed in this research are based on LSPR, so the 
wavelength range in which light absorption occurs varies depending on the size or 
shape of the patterns. As shown in Figure 16, SMA-based auxetic patterns of 
different sizes were produced via FIB. After FIB processing, Au and Ag thin films 
were deposited on the patterns to amplify the absorption effect, as demonstrated in 
the previous section. First, this section shows the experimental results when Ag thin 
films were laminated. 
 The spectrometer measurement results and optical microscopy images of 
metamaterials with about 50 nm Ag film are shown in Figure 17. Each pattern on the 
right side of Figure 17 forms a size ranging from 500 nm × 810 nm to 650 nm × 
1080 nm based on the height × width of the auxetic pattern shape in Figure 6. The 
measurement wavelength area is from 430 nm to 680 nm, which is close to the 
general visible light range, and the plasmon resonance of the patterns that occurred 
in this area. As a result, maximum light absorption of each pattern occurs at (a) 450 
nm, (b) 500 nm, (c) 545 nm, (d) 575 nm, and (e) 610 nm. The overall tendency is 
that as the size of the pattern increases, the absorption wavelength region also 






Figure 16. SED image of different sized auxetic patterns 
(a) 500 nm × 810 nm, (b) 550 nm × 900 nm, (c) 585 nm × 965 nm 
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Figure 17. Reflectance and microscopy image under varying the patterning 
size. The maximum absorption occurs at (a) 450 nm, (b) 500nm, (c) 545 nm, 
(d) 575 nm (e) 610 nm 
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 To prove the actual experimental results, 3D models of the same shape were 
depicted to obtain reflectance data for vertical reflection of light through the FDTD 
method. The modeling is shown in Figure 18. For the silver film, the refractive index 
of CRC was used, and in the case of nitinol, the refractive index (?̃? = 𝑛 − 𝑗𝑘 ) 
actually measured using ellipsometry was used. In the analysis area of the FDTD, 
the boundary condition of the sides was selected as symmetry and anti-symmetry 
condition so that the same auxetic pattern is periodically replicated infinitely. In 
addition, perfectly matched layer (PML) boundary was adopted for the top and 
bottom surfaces so that 100% of the light is absorbed when it touched, so as not to 
affect within the analysis area. The results are shown in Figure 19. The absorptions 
were maximum at (a) 455 nm, (b) 510 nm, (c) 545 nm, (d) 565 nm, and (e) 600 nm, 
respectively. There was only an error up to 10 nm wavelength compared with 
experimental results. Also, the absorption peak can be clearly observed in the 
simulation results than the actual experiments. 
 
 
Figure 18. Finite difference time domain image of auxetic metamaterials 
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Figure 19. Reflectance via FDTD under varying the patterning size. The 
maximum absorption occurs at (a) 455 nm, (b) 510nm, (c) 545 nm, (d) 565 nm 
(e) 600 nm 
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4.3. Reflectance depending on the pattern size with Au film 
Like the silver film, the gold film is also a metal that maximizes the LSPR 
phenomenon in the visible area. In order to confirm the LSPR effect of gold film, we 
introduce the change of reflectance according to the size of the pattern when the gold 
thin film is deposited on metamaterials engraved with auxetic pattern fabricated by 
using FIB. At this time, the gold film was deposited about 50 nm through an ion 
sputtering coater. 
The actual measured reflection spectrum and color according to the pattern 
size are shown in Figure 20. For pattern sizes from 500 nm × 810 nm to 650 nm × 
1080 nm, as the overall pattern size of the reflectance increases, the position of the 
absorption peak tends to increase. The positions of the absorption peaks are (a) 445 
nm, (b) 530 nm, (c) 570 nm, and (d) 620 nm. However, the gold film, unlike silver, 
has a very low reflectance in the blue region (~ 485 nm). Therefore, it was difficult 
to observe the CMY colors, and the colors related to blue were not found. Therefore, 
in the next chapter's tensile test, a silver film was deposited to confirm the color 
change using all colors. 
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Figure 20. Reflectance and microscopy image under varying the patterning 
size. The maximum absorption occurs at (a) 445 nm, (b) 530nm, (c) 570 nm, 
(d) 620 nm 
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Chapter 5. Localized surface plasmon resonance of 
pattern under tension loading 
 
 This chapter introduces an experiment that stretches the patterns and shifts 
the wavelength where the LSPR phenomenon occurs as its size increases. As 
confirmed in the previous section, in the case of gold film, the reflectance is not 
sufficiently high below the blue wavelength (~ 485 nm), so that the corresponding 
color and absorption spectrum results cannot be obtained. Therefore, on the pattern 
tension specimen, about 50 nm silver film was deposited through an e-beam 
evaporation process. 
To stretch the pattern, two 3-axis nano stages were combined with an optical 
microscope. (Figure 13, Figure 14) Several samples for tension were produced in a 
T-shape so that it could be pulled with a gripper. (Figure 21) 
In general, if the patterns are stretched in one direction, it contracts in a 
perpendicular direction to it. However, the negative Poisson's ratio of the auxetic 
patterns used in this experiment complements this so that the patterns can be enlarged 
in all directions so that the pattern size can be maximized with a small tensile 
distance. In addition, it has excellent stability in tension. Therefore, it is very suitable 
for tension.  
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Figure 21. T-shape pattern samples for tension 
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5.1. Reflectance change of pattern under tension loading 
This section shows the spectrum and color change when different size 
patterns are stretched. Figure 22 shows the results when the metamaterials in Figure 
21 were tensioned. Based on the yellow pattern of the sample (pattern size : 500 nm 
×  810 nm), the maximum absorption occurred at 439 nm wavelength before 
stretching, but the absorption peak appeared at 500 nm after stretching. This could 
also be confirmed by optical microscope measurements. The yellowish color 
gradually changed to orange. In order to prove that the absorption peak is shifted 
according to the size change, the size change of the auxetic patterns was confirmed 
through microscopic image analysis. As a result, it was verified that one auxetic 






Figure 22. Color and spectrum change of 500 nm × 810 nm pattern 
under tension loading 
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Second, the same experiment was conducted for a pattern having a size of 
605 nm × 990 nm. The results are shown in Figure 23. The color that showed a slight 
magenta tendency before tension had a more blue color after the tension. Spectrum 
measurements confirm this observation. The maximum absorption occurred before 










Figure 23. Color and spectrum change of 605 nm × 990 nm pattern 
under tension loading 
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The final tensile experiment was conducted in the same method for a pattern 
having a size of 560 nm × 915 nm. The results are shown in Figure 24. Initially, 
absorption was highest at 524 nm, but it shifted to 547 nm after stretching. As the 
overall tensile length was not large, the shift of the spectrum was small, so it was 
confirmed that the change in the reflected color was not obvious, but the color that 
was close to red was slightly pale. 
Lastly, the pattern was restored to its original size by the shape memory 
effect, a characteristic of the SMA. As a result, it can be confirmed that the reflection 
spectrum almost completely returned to the spectrum before the deformation. Since 
the patterning area is small and the number of patterns is insufficient, the results of 
color change and spectral measurement are not very clear, but this tensile experiment 




Figure 24. Color and spectrum change of 560 nm × 915 nm pattern 
under tension loading 
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5.2. Applications of deformable metamaterials  
The plasmonic metamaterials that control the electromagnetic wave have 
been applied in various fields as explained in section 2.2, and have a huge potential 
that can be developed in the future. In particular, in this paper, deformable 
metamaterials using properties of SMA were developed, which not only are 
applicable to proposed applications but also make tunability. First, this tunability 
opens up the applicability to light modulators. The existing plasmonic metamaterial-
based light modulator controlled light through a complicated pixel configuration and 
diode biasing method. [31] However, the metamaterials developed here can omit the 
complicated production process, which is time-consuming and costly, while enabling 
light control through simple a operation. Another accessible tunable metamaterial 
application is the color filter. Since our experiments showed that it can operate in the 










Chapter 6. Conclusions  
 
Metamaterials are arrays composed of subwavelength nano elements and 
control electromagnetic waves based on their unique electric permittivity and 
magnetic permeability. Since they have special abilities that cannot be commonly 
found in nature, they have been steadily researched for use in a variety of 
applications since their inception. Nevertheless, currently developed plasmonic 
metamaterials have some problems to overcome. First, the manufacturing process is 
complicated, and the 3D structure cannot be manufactured due to process limitations. 
Second, most materials cannot be operated at a faster range than the infrared 
frequency. In addition, the plasmonic metamaterials developed to date have not 
escaped the stationary shape in that it uses metal. This is a very time-consuming and 
costly operation because it requires the structures of different sizes and shapes to 
operate at different wavelengths. 
In this research, deformable plasmonic metamaterials were developed to 
overcome the hurdles encountered by these metamaterials. The LSPR effect was 
enhanced by coating gold and silver films through physical vapor deposition on 
auxetic nano patterns based on a shape memory alloy fabricated by using a focused 
ion beam. First, the reflectance was measured depending on the pattern size. When 
the gold film was deposited, the colors except for the blue area were confirmed, and 
when the silver film was deposited, all CMY colors were observed. And the change 
in reflectance was also confirmed when patterns were pulled. When the size of the 
pattern changed by up to 10%, the absorption peak shifted as much as it altered, and 
the reflection color changed from yellow to orange or from magenta to blue. Finally, 
the patterns were returned to its original size by the shape memory effect. This is the 
biggest difference from the previous research, so it is possible to control the light 
actively. Besides, it uses the localized surface plasmon resonance, so it has a 
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superiority that it is not angle sensitive. 
 The metamaterials developed in this research can be further improved. 
Despite the clear color observed by the eye, the actually measured spectrum was not 
as good as the simulated result. This is because the area of the patterning region is 
relatively small (7 μm × 7 μm or less) and reflectance is greatly influenced by 
external light. Also, the pattern thickness was not sufficiently thick, so that the tensile 
displacement could not be enough long. Nevertheless, since it proved the active 
movement of the absorption peak, it has great implications for the future aspects of 
the development of tunable metamaterials. 
 As discussed in the previous chapters, plasmonic metamaterials are being 
applied in most fields such as wave absorbers, light modulators, thermal emitters, 
color filters, biosensors where electromagnetic waves are being used. New relevant 
theories continue to be uncovered, and the scope of their application is gradually 
expanding. Although it is still insufficient in terms of cost, time, and stability to be 
applied as a practical device, metamaterials will overcome difficulties based on its 
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형상기억합금 기반의 변형가능한 
어그제틱 플라즈모닉 메타물질 
 
임종혁 
서울대학교 기계공학부 대학원 
 
금속 나노구조체의 표면 플라즈몬 공명은 독특한 전자기 
특성으로인해 지금까지 꾸준한 관심을 끌고있다. 특히, 입사광의 
파장보다 작은 크기의 전도성 나노 입자, 나노 구조체로 빛이 입사할 때 
발생하는 국소 표면 플라즈몬 공명은 파장 흡수기, 색 필터 및 센서 
등에 적용돼 왔다. 이는 공진 주파수가 나노 구조체의 크기, 형상 또는 
주위의 유전체 특성에 따라 달리 결정되기 때문이다. 그러나, 
이전까지의 연구에서 개발된 플라즈모닉 물질들은 고정된 구조에서 
벗어나지 못해 공진 주파수를 연속적으로 변경시킬 수 없다는 한계를 
가지고 있다. 이 문제는 플라즈모닉 메타물질의 실제적 적용에 어려움을 
주었다. 
이번 연구에서는, 가시광 영역에서 공명 주파수를 이동시킬 수 
있는 어그제틱 나노 패턴이 새겨진 플라즈모닉 메타물질이 개발되었다. 
44 
이 메타물질은 직경이 25 µm인 형상기억합금 와이어로 제작되어 패턴이 
인장되고 열에 의해 복원될 수 있다. 이러한 메타물질을 제작을 위해서 
집속이온 빔을 이용하여 1 µm 두께의 형상기억합금 필름을 제작했고, 
뛰어난 기계적 물성을 가진 어그제틱 패턴을 그 위에 새겼다. 이후, 
이온 코터 스퍼터링과 전자빔 증착방식을 사용하여 패턴위에 금과 은 
나노입자를 증착하였다. 패턴의 인장을 위해서는 마이크로 그리퍼를 
사용하였으며, 인장 후 355 nm 레이저를 이용하여 패턴을 원래의 
형상으로 되돌릴 수 있었다. 패턴 크기의 변화에 따른 반사 효과를 
확인하기 위해, 우리는 스펙트로미터를 이용한 흡수픽을 측정했을 뿐만 
아니라, 광학현미경을 통해 직접 색을 확인했다. 또한, finite difference 
time domain (FDTD) 방식을 이용하여 동일한 모델에 대해 반사율을 
계산했고 그 결과를 실험결과와 비교했다.  
위와 같은 실험을 통해, 먼저 여러가지 패턴의 크기에 따라 
다양한 색이 나타나는 것을 확인했다. 또한 패턴을 잡아당겨 그 크기를 
약 10% 까지 늘렸을 때, 흡수픽이 이동하고 반사색이 변화하는 것을 
확인했다. 최종적으로, 형상기억효과를 이용하여 원래의 패턴크기로 
되돌림으로서 변형가능한 어그제틱 플라즈모닉 메타물질을 증명했다. 
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